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Acetylation of histone H4 plays a primary role in
enhancing transcription factor binding to
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Core histones isolated from normal and butyrate-
treated HeLa cells have been reconstituted into nucleo-
some cores in order to analyze the role of histone
acetylation in enhancing transcription factor binding
to recognition sites in nucleosomal DNA. Moderate
stimulation of nucleosome binding was observed for
the basic helix-loop-helix factor USF and the Zn
cluster DNA binding domain factor GAL4-AH using
heterogeneously acetylated histones. However, by
coupling novel immunoblotting techniques to a gel
retardation assay, we observed that nucleosome cores
containing the most highly acetylated forms of histone
H4 have the highest affinity for these two transcription
factors. Western analysis of gel-purified USF-nucleo-
some and GAL4-AH-nucleosome complexes demon-
strated the predominant presence of acetylated histone
H4 relative to acetylated histone H3. Immunoprecipi-
tation of USF-nucleosome complexes with anti-USF
antibodies also demonstrated that these complexes
were enriched preferentially in acetylated histone H4.
These data show that USF and GAL4-AH preferentially
interact with nucleosome cores containing highly
acetylated histone H4. Acetylation of histone H4 thus
appears to play a primary role in the structural changes
that mediate enhanced binding of transcription factors
to their recognition sites within nucleosomes.
Keywords: chromatin/histone acetylation/nucleosomes/
transcription factors

Introduction
In vivo and in vitro studies have illustrated clearly that,
as suppressors of transcription, the four histones that
comprise the nucleosome core (H2A, H2B, H3 and H4)
participate in the transcriptional regulation of numerous
genes (reviewed in Winston and Carlson, 1992; Svaren and
Horz, 1993; Becker, 1994; Owen-Hughes and Workman,
1994; Wolffe, 1994). The core histones undergo several

post-translational modifications including ubiquitination,
methylation, phosphorylation, ADP-ribosylation and
acetylation (reviewed in Matthews and Waterborg, 1985).
Of these, the reversible acetylation of s-amino groups of
lysine residues present in the amino-terminal domains,
'tails', of the core histones is the most strongly linked
with transcriptional activity (reviewed in Pfeffer and
Vidali, 1991; Turner, 1991; Loidl, 1994). Histone
acetylation is brought about by two different classes of
enzymes for which corresponding genes have been cloned
(Kleff et al., 1995; Brownell et al., 1996). Cytoplasmic
type-B histone acetyltransferases are thought to acetylate
free histones that subsequently are assembled into chro-
matin, while nuclear type-A histone acetyltransferases are
thought to carry out transcription-related acetylation of
chromosomal histones (reviewed in Brownell and Allis,
1996).

Several lines of evidence implicate a relationship
between histone acetylation and gene activity. For
example, in Tetrahymena, the transcriptionally active
macronucleus contains acetylated histones whereas the
transcriptionally inactive micronucleus is deficient
(Gorovsky et al., 1973; Vavra et al., 1982; Lin et al.,
1989). In addition, acetylation of specific lysine residues
on histone H4 may define functional chromatin domains
(reviewed in Turner and O'Neill, 1995). The hyperactive
X chromosome in Drosophila male larvae is more highly
acetylated on lysine 16 (H4.Acl 6) than female X chromo-
somes or autosomes (Turner et al., 1992; Bone et al.,
1994). By contrast, the inactive female X chromosome in
mammals (Xi) is underacetylated (Jeppesen and Turner,
1993). Moreover, in cultured mammalian cells, centric
and telomeric heterochromatin are deficient in acetylated
H4 relative to euchromatin (O'Neill and Turner, 1995). A
biochemical correlation is evident from the chromato-
graphy of mammalian and yeast nucleosomes on organo-
mercurial-agarose columns which leads to enrichment of
nucleosomes from transcriptionally active genes that also
contain highly acetylated histones (Walker et al., 1990).
Other fractionation schemes have also shown that chro-
matin preparations enriched in active genes are also
enriched in acetylated histones (Allegra et al., 1987;
Ridsdale and Davie, 1987; Ip et al., 1988; Boffa et al.,
1990). The direct biochemical link between core histone
acetylation and active genes followed from the demonstra-
tion that immunoprecipitation of mononucleosomes from
chicken erythrocytes with antibodies that recognize all
acetylated histones resulted in enrichment of active gene
sequences (Hebbes et al., 1988, 1994). Use of the same
approach with an antibody specific to acetylated histone
H4 (Lin et al., 1989) demonstrated that transcriptional
silencing of the yeast mating type cassette and telomere
silencing are accompanied by reduced nucleosomal H4
acetylation (Braunstein et al., 1993). The concentration of
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acetylated core histones at transcriptionally active loci
was also shown by the observation that the chromatin at
CpG islands (located at the 5' end of constitutively
transcribed genes and some tissue-specific genes) contains
highly acetylated histones H3 and H4 (Tazi and Bird,
1990). Most recently, immunoprecipitations of nucleo-
somes with antibodies to specific acetylation sites in
histone H4 did not reveal an enrichment of transcribed
sequences, but did demonstrate the lack of H4 acetylation
in heterochromatin (O'Neill and Turner, 1995).

Genetic experiments in yeast show that mutations in
the H3 tail result in hyperactivation of genes activated by
GAL4 while mutations in the histone H4 tail result in a
reduction of the induction of the GAL] and PHOS genes
and a loss of silencing at the mating type loci (Kayne
et al., 1988; Durrin et al., 1991). These functions of the
H3 and the H4 amino-terminal tails may be mediated in
part through direct interactions with regulatory proteins.
For example, the amino-terminal tail of H4 is involved in
nucleosome positioning by the factors binding the a2
operator (Roth et al., 1992) and binding studies have
detected an interaction between the H3 and H4 amino-
termini and the Sir3 and Sir4 repressors (Hecht et al.,
1995). The amino-terminal tails may also participate
in controlling the accessibility of promoter elements in
chromatin (Fisher-Adams and Grunstein, 1995).

Biochemical studies implicate the amino-terminal tails
in both folding of nucleosomes into higher order chromatin
structures (Allan et al., 1982; Annunziato and Seale, 1983;
Perry and Annunziato, 1989, 1991; Ridsdale et al., 1990)
and in directly controlling transcription factor binding to
nucleosomal DNA (Lee et al., 1993; Juan et al., 1994;
Vettese-Dadey et al., 1994). While the core histone amino-
terminal tails are not essential for nucleosome core forma-
tion and stability, these domains appear to play a crucial
role in restricting factor binding to nucleosomal DNA.
Removal of these domains by proteases has been shown
to stimulate the binding of TFIIIA, GAL4-AH and USF
to nucleosome cores (Lee et al., 1993; Juan et al., 1994;
Vettese-Dadey et al., 1994). Moreover, stimulation of
GAL4-AH binding by removal of the amino-terminal tails
reduces the apparent cooperativity in the binding of
multiple GAL4-AH dimers to nucleosome cores, indicating
that cooperative factor binding occurs in response to
inhibition from these domains (Vettese-Dadey et al., 1994).
In addition, the binding of the basic helix-loop-helix
(bHLH) protein, USF, to nucleosomes is inhibited by the
binding of the linker histone H1, and this inhibition of
USF binding is also dependent on the core histone amino-
termini tails (Juan et al., 1994). To test whether core
histone acetylation would similarly stimulate transcription
factor binding, previous studies employed histones isolated
from cells treated with sodium butyrate, an inhibitor of
histone deacetylases, which results in an increased level of
histone acetylation (i.e. -50% of sites on H4). Nucleosome
cores reconstituted with this more highly acetylated
population of histones demonstrated an increased affinity
for TFIIIA (Lee et al., 1993) and USF (Juan et al., 1994).
Thus, the amino-terminal tails function as repressors of
transcription factor binding, but this repression appears to
be alleviated by acetylation of lysine residues in these
domains.

Here, we use novel immunoblotting approaches with

antibodies to acetylated histones to demonstrate directly
that nucleosomes bearing acetylated histone H4 are prefer-
entially bound by USF or by GAL4-AH. Importantly, the
nucleosome cores with the greatest affinity for USF or
GAL4-AH are more highly acetylated on histone H4 than
histone H3. Thus, acetylation of histone H4 appears to
play a primary role in stimulating transcription factor
binding to nucleosomal DNA.

Results
Binding of transcription factors, USF and
GAL4-AH, to nucleosomes containing acetylated
histones
Nucleosome cores were reconstituted with histones from
butyrate-treated cells (hyperacetylated nucleosomes) or
untreated cells (control nucleosomes) onto 150 bp DNA
probes bearing a single USF or GAL4 site and analyzed
for binding of these factors. In Figure IA, control (lanes
1-6) or hyperacetylated (lanes 7-12) nucleosome cores
were transferred onto a probe bearing a single USF site
(E-box) located 20 bp from one end. With increasing
amounts of USF, binding was observed to both samples
of nucleosomes, with a small enhancement of binding to
the nucleosomes containing the hyperacetylated histones
at each USF concentration. Similarly, a small increase in
binding to hyperacetylated nucleosome cores was also
evident for GAL4-AH binding to a nucleosome with a
GAL4 site 36 bases from the end (Figure iB).
The data from the gels presented in Figure lA and B

are graphed in Figure 1D and E. There was clearly a
moderate stimulatory effect of the 'hyperacetylated' core
histones; however, the stimulation of USF and GAL4-AH
binding was less than that which was suggested for TFHIA
binding to hyperacetylated nucleosome cores reconstituted
on the Xenopus borealis 5S RNA gene (Lee et al.,
1993). This raises the possibility that there is an inherent
difference in the recognition of acetylated nucleosomal
binding sites by GAL4-AH and USF relative to TFIIIA.
Nucleosomes with an average of only 2-3 acetyl groups
per molecule of H4 were reported to be sufficient to
enhance TFIIIA binding to nucleosome cores (Lee et al.,
1993). Multiple interactions of the nine Zn fingers of
TFIIIA (Miller et al., 1985; Churchill et al., 1990) with
>40 bp of 5S DNA may allow more penmissive recognition
of acetylated nucleosomes than is achieved by the two Zn
clusters of GAL4-AH dimers (Marmorstein et al., 1992)
or the bHLH binding domain of USF dimers (Ferre-
D'Amare et al., 1994). Thus, enhancement of nucleosome
binding for transcription factors with less extended DNA
binding domains than TFIIIA may require more specific
or extensive levels of histone acetylation. In this regard,
it is important to note that, while the histones from
butyrate-treated cells show increased levels of acetylation
relative to those from untreated cells, these histones are
only partially and heterogeneously acetylated. Figure IC
shows a Coomassie blue-stained Triton-acid-urea gel
(TAU) of histones used for the reconstitutions and illus-
trates that the histones from butyrate-treated cells con-
tained a heterogeneous population of acetylated forms of
H3 and H4. Thus, the stimulatory effect of the bulk
hyperacetylated histones on USF and GAL4-AH binding
might appear small if the most active acetylated species
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Fig. 1. Binding of USF and GAL4-AH to nucleosome cores with elevated levels of histone acetylation. (A) A 150 bp probe DNA derived from the
HIV-1 long terminal repeat with a single USF site centered at 20 bp from one end was reconstituted into control nucleosome cores (histones from
untreated HeLa cells. lanes 1-6) or hyperacetylated nucleosome cores (histones from butyrate-treated HeLa cells, lanes 7-12) and incubated with
increasing concentrations of USF. The mobility of the reconstituted nucleosome cores (Nucl.) and the nucleosome cores with a single USF dimer
bound (USF/Nucl.) are indicated. Binding of USF to the nucleosome core was seen for both the control and the hyperacetylated nucleosome cores,
with a slight increase in preference for binding to the hyperacetylated cores. The concentrations of USF included in this titration were; 0, lanes 1 and
7; 2.7 nM, lanes 2 and 8; 9 nM, lanes 3 and 9; 27 nM, lanes 4 and 10; 90 nM, lanes 5 and 11; and 270 nM, lanes 7 and 12. (B) A similar
experiment was performed with a single GAL4 site centered at 36 bp from one end. A 150 bp probe DNA was reconstituted into control nucleosome
cores (histones from untreated HeLa cells, lanes 1-5) or hyperacetylated nucleosome cores (histones from butyrate-treated HeLa cells, lanes 6-10)
and incubated with increasing concentrations of GAL4-AH. The mobility of the reconstituted nucleosome cores (Nucl.) and the nucleosome cores

with a single GAL4-AH dimer bound (GAL4/Nucl.) are indicated. A small increase in binding to hyperacetylated nucleosome cores was also evident
for GAL4-AH binding to a nucleosome. The concentrations of GAL4-AH included in the binding reactions were; 0, lanes 1 and 6; 5.3 nM, lanes 2
and 7; 15.9 nM, lanes 3 and 8; 53 nM, lanes 4 and 9; and 159 nM, lanes 5 and 10. (C) TAU gel of the histones used in (A) and (B) and subsequent
experiments. The butyrate-treated lane (hyperacetylated histones) shows the elevated levels of acetylated forms of the histones as compared with the
control histones. Bands representing 0-4 acetyl-lysines on histone H4 are labeled. (D and E) The data derived from the representative experiments
shown in (A) and (B) respectively are presented as a graph of percent nucleosomes bound versus factor concentrations. These graphs illustrate that
only a moderate stimulation of USF or GAL4-AH binding was observed with the bulk hyperacetylated nucleosomes.

were only a fraction of the total hyperacetylated histone
population. To test this possibility, we examined directly
the acetylated forms ofH3 and H4 contained in nucleosome
cores having the highest affinity for USF and GAL4-AH.

Nucleosomes containing highly acetylated H4 have
enhanced affinity for transcription factors
The first experimental strategy is diagrammed in Figure
2. To analyze the histone composition of factor-bound
nucleosomes it is necessary that all of the nucleosomes
in the reaction mixtures contain binding sites for the
transcription factor. Nucleosomes cores of homogeneous
sequence therefore were reconstituted with DNA frag-
ments generated by PCR (Workman and Kingston, 1992)
and used as substrates for the binding of purified transcrip-
tion factors. The population of nucleosome cores bound
by the transcription factor was separated from the unbound
population by electrophoretic mobility shift gels. To deter-

mine the distribution of acetylated histone H4 in the
factor-bound and the unbound populations of nucleosome
cores, the electrophoretic mobility shift gels were blotted
directly and simultaneously onto nitrocellulose and DEAE
membranes (shift-Western blots). Autoradiography of the
DEAE membranes revealed the labeled nucleosomal DNA
and thus presented the distribution of total nucleosomes in
the bound and the unbound populations. The nitrocellulose
membranes were immunostained with antibodies to highly
acetylated histone H4, thereby revealing the distribution
of nucleosomes containing the highly acetylated H4 forms.
The H4-specific antibody used, 'penta' antibodies (Lin
et al., 1989), primarily recognizes the tetra- and tri-acetyl
forms of H4, only weakly recognizes the di-acetyl forms of
H4 and does not recognize the mono-acetyl or unacetylated
forms of H4 at all (Perry et al., 1993).
The results of shift-Western blots analyzing GAL4-AH

and USF binding to hyperacetylated nucleosome cores are
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Incubate purified homogeneous sequence nucleosome
cores with purified transcription factor.

Separate factor-bound from unbound nucleosome complexes
using electrophoretic mobility shift assay (EMSA).

A Nucleosonial DNAX

t.-SF

-

1SF Nucl.-
UtS F')N-X -

Blot EMSA gel onto nitrocellulose
and DEAE membranes.

Autoradiography of DEAE membrane
to detect nucleosomal DNA.

B

Immunostain nitrocellulose to
detect acetylated H4.

Fig. 2. Experimental strategy for mobility shift-Western experiments
to determine the distribution of acetylated histone H4 in factor-bound
versus unbound nucleosomes. For experimental details see Materials
and methods.

shown in Figure 3. Figure 3A illustrates the binding of
USF to nucleosome cores reconstituted with hyperacetyl-
ated core histones from butyrate-treated HeLa cells. The
DNA fragment used was the same as that used in Figure
lA. The left panel of Figure 3A shows the DEAE
membrane and illustrates the distribution of total nucleo-
somal DNA. When USF was included in the binding
reactions, the small amount of free DNA in the nucleosome
preparation (not shown) was readily bound by a dimer of
USF (USF/DNA; lanes 2-4). By contrast, only a very
small fraction of the nucleosomal DNA (Nucl.) was bound
by USF, resulting in the formation of a supershifted
complex (USF/Nucl.). The right panel of Figure 3A shows
a Western blot of the nitrocellulose membrane (blotted
from the same gel) using the antibody to highly acetylated
histone H4 and illustrates the distribution of nucleosomes
containing highly acetylated H4. Clearly, a much larger
fraction of those nucleosomes containing highly acetylated
H4 were bound by USF. This experiment illustrates the
substantial preference of USF for binding nucleosomes
containing the highly acetylated H4 epitope over the bulk
of the hyperacetylated nucleosomes. Figure 3B shows a
similar experiment analyzing GAL4-AH binding to a
150 bp nucleosome core containing a single GAL4 site
36 bp from an end which was reconstituted with hyper-
acetylated histones. As with USF, nucleosomes containing
highly acetylated H4 (right panel) were bound preferen-
tially relative to bulk hyperacetylated nucleosomes (left
panel).

The results of the experiments shown in Figure 3A and
B and two independent repeats of each experiment are
graphed in Figure 4. It can be clearly seen that nucleosome
cores containing the most highly acetylated forms of
histone H4 have a much higher affinity for USF (Figure
4A) and for GAL4-AH (Figure 4B) than the bulk hetero-
geneously hyperacetylated nucleosomes. Moreover, this
effect was much greater than the general stimulatory effect
of the bulk hyperacetylated nucleosomes relative to non-
acetylated control nucleosomes (Figure 1D and E). The
most dramatic difference in affinity between the highly
acetylated H4 nucleosomes and the bulk hyperacetylated
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Fig. 3. Preferential binding of USF and GAL4-AH to nucleosome
cores containing acetylated histone H4. (A) Nucleosome cores were

reconstituted using hyperacetylated core histones from butryrate-
treated cells. Nucleosome cores bearing a single USF site (E-box)
20 bp from the 5' end were incubated without (lanes 1 and 6) or with
increasing amounts of USF, followed by separation of the bound and
unbound nucleosomes on a 6% acrylamide non-denaturing gel. The gel
was blotted to nitrocellulose and DEAE membranes. An autoradiogram
of the DEAE membrane (nucleosomal DNA) is shown in lanes 1-5
and illustrates the distribution of the total nucleosomal DNA in the
bound and unbound fractions. A small amount of free DNA in the
nucleosome preparation (not shown) was bound readily by a dimer of
USF (USF/DNA; lanes 2-4). With increasing amounts of USF, the
USF/Nucl. complex appeared (lanes 2-5). To determine the protein
composition in these fractions, a Western blot of the nitrocellulose
membrane was performed, and is shown in lanes 6-10 which utilized
antibodies to highly acetyled histone H4. Note that USF binds
preferentially to the nucleosome fraction which contains highly
acetylated H4, relative to the total nucleosomes as seen on the DNA
blot. USF concentrations were as follows: 0 (lanes I and 6), 2.7 nM
(lanes 2 and 7), 9 nM (lanes 3 and 8), 27 nM (lanes 4 and 9) and
90 nM (lanes 5 and 10). (B) Conditions as in (A) except that the
nucleosome cores bear a single GAL4 site 36 bp from the 5' end.
GAL4-AH bound preferentially to nucleosome cores containing highly
acetylated H4 but to a lesser degree than for USF. GAL4-AH
concentrations in (B) are as follows: 0 (lanes 1 and 6), 57 nM (lanes 2
and 7), 114 nM (lanes 3 and 8), 228 nM (lanes 4 and 9) and 342 nM
(lanes 5 and 10).

nucleosomes was observed for USF binding (Figure 4A).
We estimate the Kd of USF for naked DNA in our protocols
at <5 nM, in agreement with previous measurements
(Sawadogo et al., 1988; Pognonec and Roeder, 1991).
However, its affinity for non-acetylated nucleosome cores

can be reduced by over three orders of magnitude (Adams
and Workman, 1994). By contrast, the data in Figure 4A
illustrate 50% occupancy of nucleosome cores containing
highly acetylated H4 at ~27 nM USF, indicating a Kd in
this range. Thus, while dramatically stimulated, the affinity
of USF for nucleosome cores containing highly acetylated
H4 was not as great as for naked DNA. However, the
intranuclear concentrations of USF are estimated to be as

high as 500 nM (Sawadogo et al., 1988; Ferre-D'Amare
et al., 1994), suggesting that nucleosomes resembling those
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Fig. 4. Graph of the percent nucleosomes bound versus transcription
factor concentrations for USF binding at a site 20 bp into the
nucleosome core (A) and GAL4-AH binding to a site 36 bp into the
nucleosome core (B). The data were derived from the experiments
shown in Figure 3A and B and two independent repeats of each. For
each factor, the percentage of the bulk hyperacetylated nucleosomes
bound (solid lines), calculated from the DEAE membranes, and
percentage of highly acetylated histone H4-containing nucleosomes
(dashed lines), calculated from the Western blots, is indicated. The
lines are drawn through the average value of the three experiments.
The cross bars illustrate the range of data points at each factor
concentration.

detected in the shift-Western blots with the acetylated H4
antibody could be easily bound by USF in vivo.
We reported previously that the removal of the core

histone amino-termini with trypsin stimulated GAL4-AH
binding to nucleosome cores (Vettese-Dadey et al., 1994).
This stimulation was maximal when the center of the
GAL4 site was located between 26 and 40 bp into the
nucleosome core (intermediate position). The GAL4 site
in the nucleosome cores used to generate the data in
Figure 4B was located at a similar position (36 bp into
the nucleosome core). The GAL4-AH binding curve to
the nucleosome cores containing highly acetylated H4
(Figure 4B) is analogous to that of GAL4-AH binding to
nucleosome cores lacking the amino-termini (Figure 7,
Vettese-Dadey et al., 1994). Removal of the core histone
amino-terminal tails also stimulated GAL4-AH binding to
a more inhibited centrally located site (between 60 and
74 bp into the nucleosome core) but to a lesser extent
than at the intermediate site (Figure 6, Vettese-Dadey
et al., 1994). We have tested the binding of GAL4-AH to
a centrally located site 66 bp into nucleosome cores by
shift-Western analysis. We also observed enhanced GAL4-
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Fig. 5. Preferential binding of GAL4-AH to nucleosome cores
containing highly acetylated histone H4 using nucleosome cores

80 100 containing physiological mixtures of histone acetylation. Conditions
were as described in Figure 3B except that the GAL4 site nucleosome
cores were reconstituted with histones derived from control (non-
butyrate-treated) HeLa cells. The Western blot (right panel) illustrates
the distribution of the small amount of highly acetylated H4 present in
these histones (Figure IC). GAL4-AH concentrations were as follows:
0 (lanes I and 6), 57 nM (lanes 2 and 7), 114 nM (lanes 3 and 8),
228 nM (lanes 4 and 9) and 342 nM (lanes 5 and 10).

AH binding to nucleosome cores containing highly
acetylated H4 at this location, although, as expected, levels
of binding were reduced at this position relative to the
intermediate position (data not shown). Thus, with regard
to GAL4-AH binding, the properties of nucleosome cores
lacking their amino-termini mimicked those of the
population of nucleosomes containing highly acetylated
histone H4.
The increased affinity of transcription factors for nucleo-

somes bearing highly acetylated H4 was not due to non-
specific effects of the butyrate treatment of HeLa cells
used to produce the hyperacetylated core histones. Figure
5 illustrates the preferential binding of GAL4-AH to
nucleosome cores prepared from 'control' histones derived
from cells not treated with sodium butyrate. Thus, these
nucleosomes bear only physiological levels of histone
acetylation. GAL4-AH preferentially bound the small
fraction of nucleosome cores containing highly acetylated
histone H4 (right panel) relative to the bulk non-acetylated
nucleosomes (left panel).

Acetylated histone H4 has a greater effect on the
preferential binding of transcription factors to
nucleosome cores than acetylated histone H3
The data in Figure 4 illustrate a substantial enrichment of
highly acetylated forms of histone H4 in nucleosome cores
having high affinity for USF or GAL4-AH. However,
analysis of nucleosomes from 'active' fractions of genomic
sequences has illustrated an enrichment of both acetylated
H3 and H4 (reviewed in Matthews and Waterborg, 1985;
Allegra et al., 1987; Tazi and Bird, 1990). Moreover,
acetylation of H3-H4 tetramers has been shown to lead
to the change in linking number per nucleosome and thus,
presumably, to alterations in nucleosome structure (Norton
et al., 1990). Additionally, acetylation of the H3-H4
tetramer stimulates TFIIIA binding (Lee et al., 1993).
This raised the possibility that enrichment of highly
acetylated histone H4 in the factor-bound population might
have resulted from, or required, co-occupancy of the same
nucleosome with highly acetylated histone H3.
To determine if acetylated H4, acetylated H3 or both

together were responsible for the enhanced binding of
USF and GAL4-AH, we employed a second dimension
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AIncubate nucleosome cores with transcription factors.

Separate factor-bound from unbound nucleosome complexes
using EMSA.

Excise factor-bound and unbound nucleosome
complexes from EMSA gel.

Run gel-purified complexes in a second dimension
of SDS PAGE to separate histones.

USF site at 20ttp fr-om) mlid
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Blot SDS gel onto membrane.

Immunostain with antibodies to acetyl-lysine
to detect acetylated H3 and H4.

Fig. 6. Experimental strategy for second dimension gel analysis of
specific acetylated histones in USF-bound and unbound nucleosomes.
For experimental details see Materials and methods.

SDS-polyacrylamide gel followed by immunoblotting
with antibodies that recognize both acetylated H3 and
acetylated H4. This experimental approach is diagrammed
in Figure 6. Homogeneous sequence nucleosome cores,

reconstituted with hyperacetylated histones, were incuba-
ted with USF or GAL4-AH and then the factor-bound and
unbound nucleosomes were separated on native mobility
shift gels. The bands representing factor-bound nucleo-
somes and unbound nucleosomes were excised from the
gel, and run on a second dimension of SDS-PAGE. The
SDS gels were then blotted to nitrocellulose and probed
with an antibody to the epitope of e-acetyl-lysine (Hebbes
et al., 1989) which primarily recognizes acetylated H3
and acetylated H4 in this system. Figure 7A presents the
immunoblot of the SDS-PAGE from such an experiment
in which USF was bound to nucleosome cores having a

USF site 20 bases from one end. The first lane illustrates
the presence of acetylated H3 and acetylated H4 in control
nucleosomes incubated in the absence of USF, run and
excised from the same mobility shift gel. The next
two lanes represent the presence of acetylated H3 and
acetylated H4 in the unbound and USF-bound nucleosomes
excised from the mobility shift gel. The USF-bound
nucleosomes contained substantially more acetylated H4
than acetylated H3, whereas the majority of the acetylated
H3 remained in the unbound fraction. Figure 7B shows a

similar experiment in which the USF site was located 40
bases into the nucleosome core and thus, at a lower affinity
position (Adams and Workman, 1995). Whilst a smaller
fraction of the total nucleosomes containing highly
acetylated histone H4 were bound by USF at this position,
the USF-bound nucleosomes were still enriched in
acetylated histone H4 relative to acetylated H3. Figure 7C
shows the binding of GAL4-AH to nucleosome cores with
a single GAL4 site located 36 bp from one end. Enrichment
of acetylated histone H4 relative to acetylated H3 was

also observed with this different factor, indicating that the
preferential stimulatory effect of acetylated H4 was not
factor specific.

C,
( \I.4 Nitle al .6 b1) fron tclti~~~~~~~~~.
_w Acetki-113

4 c_ --'etd-114

Fig. 7. Acetylated histone H4 is specifically enriched in the
transcription factor-bound nucleosomes relative to acetylated histone
H3. (A) The experimental strategy outlined in Figure 6 was performed
with homogeneous sequence nucleosome cores bearing a single USF
site 20 bp from one end and reconstituted with histones from butyrate-
treated HeLa cells. The second dimension SDS gel was blotted to
nitrocellulose and immunostained with the acetyl-lysine antibody
which recognizes primarily acetylated forms of H3 and H4. Shown is
a Western blot of control, USF-bound and unbound nucleosomes
excised from the mobility shift gel. The control nucleosomes were also
excised from the same mobility shift gel but were not exposed to USF.
Acetylated H4 was enriched specifically in the USF-bound fraction
and was depleted in the unbound nucleosome fraction. (B) The same

experiment as in (A) was repeated, except that the DNA probe
contained a single USF site located 40 bp from the end. At this
location the affinity of USF is reduced; however, it still preferentially
bound nucleosome cores containing acetylated H4. (C) The same

experiment as in (A) and (B) was performed utilizing GAL4-AH
binding to nucleosome cores bearing a single GAL4 site 36 bp from
one end. The binding of GAL4-AH also demonstrated a preference for
nucleosome cores containing acetyl-H4 relative to acetyl-H3.

The data in Figure 7 indicate that acetylation of histone
H4 plays a primary role in stimulating transcription factor
binding relative to histone H3. To confirm this result, we
have taken another approach to investigate the preferential
binding of USF to nucleosomes containing acetylated
histone H4. This approach is diagrammed in Figure 8A.
Following incubation of the nucleosome cores bearing a

USF site at 20 bp from the end with USF protein,
the USF-bound nucleosomes were incubated with USF
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Fig. 8. Immunoprecipitation of USF-bound nucleosome complexes
with anti-USF antibody demonstrates enrichment for acetylated H4
over acetylated H3. (A) Procedure for immunoprecipitation of USF-
bound nucleosomes. Binding reaction mixtures containing or omitting
USF were incubated with USF antibody cross-linked to protein
A-Sepharose beads. The beads were separated from the supematant
and each was run on an SDS gel and blotted to nitrocellulose. The
membrane was immunostained with the anti-acetyl-lysine antibody.
For experimental details, see Materials and methods. (B) Immuno-
stained nitrocellulose membrane generated as described in (A). In the
absence of USF (-USF), neither acetylated histone H3 nor acetylated
histone H4 was precipitated by the protein A-Sepharose beads and
both acetylated histones H3 and H4 remained in the supematant
fraction. However, in the presence of USF (+USF), the nucleosomes
selected by the anti-USF antibody (pellet) specifically contained
acetylated histone H4.

antibodies cross-linked to protein A-Sepharose beads. To
determine the distribution of acetylated histones H3 and
H4, the pellet and supernatants were separated, run on an
SDS-polyacrylamide gel and immunoblotted with the
antibody that recognizes acetylated H3 and acetylated H4.
Figure 8B shows that in the absence of USF protein
(-USF), neither acetylated histone H3 nor acetylated
histone H4 were precipitated by the USF antibodies and
protein A-Sepharose beads, and both remained in the
supernatant. However, when USF was added to the reaction
and USF-nucleosome complexes were immunoselected,
acetylated histone H4 was co-precipitated preferentially.
This result further illustrates that the nucleosomes cores
bound by USF specifically contained highly acetylated
histone H4, confirming the primary role of acetylated H4
in stimulating USF binding. It is also interesting to note
that the experiments of Figures 7 and 8 also indicate that
acetylated H4 and acetylated H3 do not necessarily cohabit
in the same nucleosome cores.

Discussion
The discovery of the post-translational modification of
core histones by acetylation (Allfrey et al., 1964) led to

the suggestion that the structure and function of chromatin
could be altered through an enzymatic pathway. Following
in this vein, numerous studies have noted a correlation
between histone amino-terminal tail acetylation and tran-
scriptionally active sequences (reviewed in Turner, 1993;
Loidl, 1994). A long-standing question regarding the
potential roles of histone acetylation in transcription has
been whether histone acetylation is at all causal or instead
the result of transcriptional activity (Csordas, 1990). The
finding that histone acetylation pre-exists transcription at
poised but not yet transcribed genes (Hebbes et al., 1988,
1994; Clayton et al., 1993) showed that the modification
is not a consequence of transcription but most likely a
prerequisite. In accordance with this view, the results
presented in this study, as well as earlier reports (Lee
et al., 1993; Juan et al., 1994; Vettese-Dadey et al., 1994),
suggest that histone acetylation can stabilize the binding
of transcription factors to nucleosomal DNA, and might
thereby play a role in initiating or in maintaining the
accessibility of transcriptional regulatory elements in
chromatin.

In this study, we have used novel immunoblotting
approaches to demonstrate directly the presence of highly
acetylated histone H4 in nucleosome cores that possess
the highest affinity for transcription factors USF and
GAL4-AH. In addition, we have found that the affinity of
USF and GAL4-AH for nucleosome cores was more
dependent on the acetylation of histone H4 than of histone
H3. While these data do not rule out a smaller stimulatory
effect of acetylated H3, they illustrate the primary role of
H4 acetylation in stimulating transcription factor binding.
The activity of acetylated histone H4 in stimulating
transcription factor binding might result from a reduced
interaction of the H4 amino-terminus with nucleosomal
DNA. Acetylation of lysine residues in a peptide represent-
ing the H4 amino-terminus greatly reduced its affinity for
DNA (Hong et al., 1993). However, it is interesting to
note that USF and GAL4-AH preferentially bound to
nucleosome cores containing acetylated histone H4 when
their binding sites were at different positions. This observa-
tion suggests that the effect of H4 acetylation was not
limited to one small region of nucleosomal DNA that
might be bound by the H4 tail. This raises an alternative,
non-mutually exclusive possibility that acetylated H4 is
causal for a conformational change in the nucleosome
core which results in an increase in transcription factor
affinity. Increased acetylation leads to a reduction of
linking number change per nucleosome core in vitro
(Norton et al., 1989), suggesting an alteration in nucleo-
some core structure (Bauer et al., 1994). This reduction
of linking number change occurs when only H3 and H4
are acetylated (Norton et al., 1990), supporting a crucial
role for one or both of these histones in altering nucleosome
conformation. It will be interesting to see if the change
in linking number can also be attributed specifically to
acetylation of histone H4.

Acetylation of histone H4 may play a significant role
in the binding of GAL4 and USF to chromosomal DNA
in vivo. At UASGAL in yeast, GAL4 is constitutively
bound prior to transcription activation unless glucose is
present, in which case the accessibility of the UAS is
thought to be maintained by a neighboring DNA binding
protein, GRF2 (Fedor et al., 1988; Chasman et al., 1990).
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Interestingly, GRF2 is not required for the function of
UASGAL, suggesting that GAL4 can access the UAS even
in the absence of GRF2 (Chasman et al., 1990). This
possibility has been confirmed by Morse (1993), who
illustrated that a single GAL4 site occupied by a nucleo-
some can become bound by GAL4 in yeast. USF is a
ubiquitously expressed mammalian transcription factor
which binds E-box motifs in multiple cellular and viral
enhancers and promoters (Sawadogo and Roeder, 1985;
Carthew et al., 1987; Chodosh et al., 1987; Mueller et al.,
1988; Navankasattusas et al., 1994; Sirito et al., 1994;
and references therein). Interestingly, USF binding in vivo
can also precede transcriptional activation of inducible
genes (see Mueller et al., 1988). Thus, both GAL4 and
USF can, in some in vivo situations, access enhancers and
promoters in chromatin prior to transcriptional induction.
The finding here that acetylation of histone H4 enhances
the binding of GAL4-AH and USF to nucleosome cores,
and previous results indicating that histone acetylation can
precede actual transcription (Hebbes et al., 1988, 1994;
Clayton et al., 1993), suggest that histone H4 acetylation
could participate in poising chromatin for transcription by
stabilizing the binding of trans-acting factors. Histone
acetylation might occur prior to the interactions of the
factors with their binding sites in chromatin or occur
concurrently. Recent studies suggest that transcription
activators may target a region or domain of chromatin for
histone acetylation (Brownell and Allis, 1996; Brownell
et al., 1996). Acetylation would then, in turn, both stabilize
the binding of the activator and enhance the binding of
additional transcription factors.

It is becoming increasingly clear that the potential
functions of the histone amino-termini in gene transcription
can be mediated via direct effects on transcription factor
affinity or indirectly as putative targets of repressor
proteins (reviewed in Turner and O'Neill, 1995). It is
likely that a combination of these effects results in the
differential functions of the H3 and H4 amino-termini on
different regulatory elements and genes in yeast (Durrin
et al., 1991; Mann and Grunstein, 1992; Wan et al.,
1995). In this regard, the H4 amino-termini appear to
be multifunctional, containing domains involved in both
transcription activation and repression (McGee et al.,
1983; Kayne et al., 1988; Johnson et al., 1990; Park and
Szostak, 1990; Durrin et al., 1991). Multiple functions of
the H4 amino-termini might also account, in part, for the
apparent occurrence of low levels of acetylated H4 in
human euchromatin beyond actively transcribed genes
(O'Neill and Turner, 1995). The activity of H4 acetylation
in stimulating transcription factor binding might, in part,
provide a functional explanation for its enrichment in
'active' chromatin fractions (Allegra et al., 1987; Ridsdale
and Davie, 1987; Hebbes et al., 1988; Ip et al., 1988;
Clayton et al., 1993) and at CpG islands (Tazi and Bird,
1990), although a much wider distribution reported for
histone acetylation in general, for example at the chicken
J-globin locus (Hebbes et al., 1994), suggests that histone
H4 acetylation may play additional roles. A further distri-
bution of acetylated H4 may also be required in euchroma-
tin to prevent interaction with repressor proteins and
heterochromatin spreading, as suggested by studies of
mating type and telomere repression in yeast (Johnson
et al., 1990; Park and Szostak, 1990; Roth et al., 1992;

Braunstein et al., 1993; Hecht et al., 1995; Turner and
O'Neill, 1995).

Materials and methods
DNA probe preparation
All three DNA probes were prepared by PCR amplification. A single
GAL4 site positioned 36 bp from the 5' end of a 150 bp fragment
(GAL4-36) was generated using the plasmid G140HSP70CAT and
the primers used for amplification of GAL4-36 were HP+48, 5'-
CTCGAAAAAGGTAGTGGGAC-3' and G 1-102, 5'-ACGCCAAGCT-
TGCATGCCTG-3'. The plasmid, pHXB2DDBcl, used to amplify a
single USF site positioned 20 bp (USF-20) or 40 bp (USF-40) from the
5' end of a 150 bp fragment, contained the human immunodeficiency
virus (HIV)-1 5' long terminal repeat (LTR). The primers used for
amplification of USF-20 were HIV-5'B, 5'-GCCGCCTAGCATTTCAT-
CAC-3' and HIV-3'B, 5'-GATCTGAGGGCTCGCCACTC-3' and for
USF-40 were HIV-5'A, 5'-GTrAGAGTGGAGGTTrGACA-3' and
HIV-3'A, 5'-CCCAGTCCCGCCCAGGCCAC-3'. DNA was PCR ampli-
fied in numerous repeats so as to generate 20-30 gg of product labeled
with [cz-32P]dCTP and dATP (3000 Ci/mmol) at a ratio of 1:60 with
cold nucleotides. The 150 bp fragments were purified on a native 8%
polyacrylamide (acrylamide:bis 29:1), I x Tris-borate-EDTA (TBE) gel
or excised from a 1 X TBE 3% low melt agarose gel and digested with
J-agarase. The quantity of probe was determined by comparison with a
DNA mass ladder (Gibco-BRL) on an ethidium bromide-stained agarose
gel. The probe bands were excised from these gels and counted to obtain
the specific activity.

Transcription factor purification and nucleosome core
reconstitution
GAL4-AH, a fusion protein containing the amino-terminal 147 amino
acids of GAL4 (including the DNA binding and dimerization domains)
and an artificial 15 amino acid putative amphipathic helix, was purified
by the method of Lin et al. (1998). The recombinant 43 kDa USF
protein was purified by the methods of Pognonec et al. (1991). Hl-
depleted core histones and short oligonucleosomes were purified from
HeLa cells (C6t6 et al., 1995) grown for 20-24 h in the presence
(hyperacetylated) or absence (control, with physiological levels of
acetylation) of 10 mM sodium butyrate (an inhibitor of histone
deacetylase, reviewed in Turner, 1991). All purification steps of the
acetylated or control histones and short oligonucleosomes included 2 mM
sodium butyrate. The resulting levels of acetylation were analyzed on a
TAU gel as described previously (Juan et al., 1994) and are also shown
in Figure IC. Reconstitution with hyperacetylated and control short
oligonucleosomes was as described previously (Vettese-Dadey et al.,
1994). Homogeneous nucleosome cores were reconstituted by the follow-
ing procedure: 20-30 ,ug of PCR-generated, body labeled probe and
hyperacetylated or control core histones in a 1- to 2-fold excess were
mixed in a final volume of 55 g1 with final concentrations of 2 M NaCl,
10 mM HEPES, pH 8.0 and 1 mg/ml bovine serum albumin (BSA),
fraction V (Sigma). Nucleosome cores were formed by salt gradient
dialysis (Workman and Kingston, 1992) and purified at 4°C on 5-25%
sucrose density gradients containing 10 mM HEPES, pH 8.0, 1 mM
EGTA, pH 8.0, 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and
0.1% NP-40. Fractions were analyzed on a native 6% acrylamide, 0.5 X
TBE gel. The gel was dried and exposed to Kodak X-Omat film overnight
at -80°C with an intensifying screen. Peak fractions containing the
nucleosome cores were pooled and stored at -800C.

Transcription factor binding reactions
Nucleosome cores (20 ng) with a single GAL4 site (GAL4-36) were
incubated with increasing concentrations of diluted GAL4-AH (stock
2 mg/ml diluted in 200 ig/ml BSA, fraction V, 10mM 2-mercaptoethanol,
100 mM KCI, 10 ItM ZnCl2, 0.2 mM PMSF). Final reactions were

diluted to 20 gl in UG buffer (20 mM Tris-HCI, pH 7.5, 10% glycerol
1 mM EDTA, 1 mM PMSF, 5 ,ug/ml leupeptin, 2 jg/ml aprotinin, 0.1%
NP-40) and 200 jg/ml BSA, fraction V, 10 mM 2-mercaptoethanol,
100 mM KCI, 10 ,uM ZnC12 and 0.2 mM PMSF were added. USF
binding reactions were also diluted to 20 p1 (USF stock 2 mg/ml) in
UG buffer with addition of 10-100 ng poly(dI-dC) DNA (Pharmacia),
4 mM dithiothreitol (DTT), 100 mM NaCl, 200 ,ug/ml BSA, fraction V,
0.2 mM MgCl2 and 1 jM ZnC12. All binding reactions were incubated
at 300C for 30 min and loaded directly onto native 6% acrylamide, 0.5X
TBE gels which were run at 200 V (constant voltage) at room temperature.
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Western blot analysis and second dimension gel
electrophoresis
To detect the level of acetylation of gel-shifted nucleosome cores, we
adapted the method of Demczuk et al. (1993). This method uses two
membranes for transfer of the mobility shift gel; nitrocellulose for the
detection of protein and DEAE for the detection of nucleosomal DNA
(see Vettese-Dadey et al., 1995 for further details).

Prior to the completion of the mobility shift gel, nitrocellulose
(Amersham USB) and DEAE (Schleicher & Schuell) membranes were
cut to the dimension of the gel, briefly pre-wet in distilled water
according to the manufacturers instructions and equilibrated in Bjerrum
and Schafer-Nielson transfer buffer (48 mM Tris, 39 mM glycine, 20%
methanol, 0.0375% SDS, pH 8.8-9.0) for 15-20 min with gentle shaking.
At 4°C, the mobility shift gel was equilibrated with two changes of
Bjerrum and Schafer-Nielson buffer containing 0.05% SDS for 5 min.

Blotting was performed in a Bio-Rad plate electrode tank transfer
chamber and the blotting cassette was assembled in the following
manner. The gel was placed on a piece of wet filter paper followed by
the nitrocellulose, filter paper, the DEAE membrane and a final piece of
filter paper and was transferred at 4°C in Bjerrum and Schafer-Nielson
transfer buffer at 100 V for 2 h. After transfer, the DEAE membrane
was wrapped in cellophane and exposed to Kodak X-Omat film overnight
at -80°C with an intensifying screen. The nitrocellulose membrane was
immunostained and detected using an Amersham USB ECL chemilumin-
escence kit as follows. The nitrocellulose membrane was placed in
phosphate-buffered saline (PBS), 0.1% Tween 20 (137 mM NaCI,
2.7 mM KCI, 4.3 mM Na2HPO4, 1.4 mM KH2PO4) with gentle shaking
for 20 min, then blocked by immersing the membrane in 1% gelatin
(Sigma, Swine type A), 0.1% Tween 20 blocking solution for 30-60
min with gentle shaking. The membrane was washed in PBS, 0.1%
Tween 20 once for 15 min and twice for 5 min with fresh changes of
buffer. Incubation with the primary and secondary antibody was per-
formed for 60 min in 1% gelatin, 0.1S% Tween 20. The primary antibodies
used for the experiments were either anti-acetylated H4 antibody which
recognizes acetylated forms of H4 (Lin et al., 1989) or pan-acetyl
antibody which recognizes acetylated forms of H3 and H4 (Hebbes
et al., 1988). The secondary antibody was supplied in an Amersham
USB kit. The membrane was washed in between the incubation steps
once for 15 min and three times for 5 min with fresh changes of wash
buffer. The final wash before the detection was for an additional 5 min
to help further reduce background. Chemiluminescent detection was
performed as per the manufacturer's instructions.

For the second dimension gel, bands of interest were excised from a
native 6% polyacrylamide, 0.5x TBE gel. The native gel (17 cm in
length) was poured with 0.75 mm spacers and a 15 well comb (Bio-Rad,
well size 110 ,u). Binding reactions were scaled up 20- to 25-fold and
the 6% mobility shift gel was run as described above and exposed to
Kodak X-Omat film at 4°C for 4-5 h. The exposed film was used as a
guide for removal of the bands to be run in the next dimension on a
17 cm, 5% stacker, 15% separating SDS-polyacrylamide gel with 1 mm
spacers and a 10 well comb to accommodate the gel slice from the
native gel (well size 229 gl). Gel slices, i.e. control nucleosome core,
unbound nucleosome and factor-bound nucleosome (see figure legends),
excised from the native gel were placed in lx SDS-PAGE loading
buffer (50 mM Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 0.1%
bromophenol blue, 10% glycerol) in tubes for 5 min. Slices were next
placed in individual wells of the SDS-polyacrylamide gel, covered with
lx SDS-PAGE loading buffer and run at 200 V. Prior to completion of
the gel, nitrocellulose was cut to the area of the histones within the gel
and pre-wet with water. Bjerrum and Schafer-Nielson transfer buffer
was prepared, as for the standard Western blot (plus 0.0375% SDS), and
the second dimension gel, as well as the nitrocellulose, were equilibrated
in this buffer with shaking for 15 min. The gel was transferred using
the tank transfer system by placing wet filter paper down in the cassette
followed by the gel, the nitrocellulose or PVDF (Millipore) and an
additional piece of filter paper. Transfer was then in Bjerrum and Schafer-
Nielson (plus 0.0375% SDS) transfer buffer at 4°C for I h at 50 V.
Following transfer, the nitrocellulose or PVDF membrane was immuno-
stained as described above. Quantitation of the bound and unbound
complexes was performed on a Laser Densitometer (Molecular
Dynamics).

Immunoprecipitation of USF-bound nucleosome complexes
Prior to immunoprecipitation, USF antibody (Santa Cruz) was cross-
linked to protein A-Sepharose beads as follows. Fifty ,l of USF
polyclonal antibody (100 ,ug/0. I ml) was mixed on a rotator with 50 ,ul
of protein A-Sepharose beads (swelled to a 50% suspension in PBS)

for I h at room temperature. Beads were washed twice with 10 volumes
of 0.2 M sodium borate pH 9.0. After the second wash, the beads were
resuspended in 10 volumes of 0.2 M sodium borate pH 9.0 and solid
dimethylpimelidate was added to 20 mM. The beads were mixed on a
rotator for 30 min at room temperature and the reaction was stopped by
washing the beads in 0.2 M ethanolamine pH 8.0. The beads were stored
in PBS with 0.01% merthiolate (Harlow and Lane, 1988). Before use in
the immunoprecipitation reaction, beads were pre-incubated for 5 min
at room temperature with 2 mg/ml BSA to help eliminate non-specific
binding of beads to unbound nucleosomes.

Transcription factor binding reactions were performed as described
for the second dimension gel. After the binding reaction, 10 ,ul of
antibody-cross-linked beads were added to the binding reaction and were
mixed on a rotator at 4°C for 3 h to overnight. The USF-bound complexes
were removed by centrifugation of the beads. Approximately 80-90%
of the supernatant was removed and the beads were washed twice before
stripping in SDS-PAGE loading buffer. Samples were boiled for 4 min
and loaded directly onto a 15/5% SDS-polyacrylamide gel. The gel was
run at 200 V for 6 h, Western blotted to nitrocellulose or PVDF and
immunostained as described above.

Acknowledgements
We are grateful to Bryan Turner and Laura O'Neill for providing reagents
and for many helpful discussions. We thank Tony Annunziato, Jacques
C6te, David Steger and Thomas Owen-Hughes for technical advice
during the development of these experiments. We thank Thomas Owen-
Hughes and Phillip Walter for comments on the manuscript. This work
was supported by a grant from the NIH and a Leukemia Society Scholar's
Award to J.L.W. and support from the Wellcome Trust (London) to T.H.
and C.C.R.

References
Adams,C.C. and Workman,J.L. (1995) The binding of disparate

transcription factors to nucleosomal DNA is inherently cooperative.
Mol. Cell. Biol., 15, 1405-1421.

Allan,J., Harborne,N., Rau,D.C. and Gould,H. (1982) Participation of
the core histone 'tails' in the stabilization of the chromatin solenoid.
J. Cell Biol., 93, 285-297.

Allegra,P., Sterner,R., Clayton,D.F. and Allfrey,V.G. (1987) Affinity
chromatographic purification of nucleosomes containing
transcriptionally active DNA sequences. J. Mol. Biol., 196, 379-388.

Allfrey,V.G., Faulkner,R. and Mirsky,A.E. (1964) Acetylation and
methylation of histones and their possible role in the regulation of
RNA synthesis. Proc. Natl Acad. Sci. USA, 51, 786-794.

Annunziato,A.T. and Seale,R.L. (1983) Histone deacetylation is required
for the maturation of newly replicated chromatin. J. Biol. Chem., 258,
12675-12684.

Bauer,W.R., Hayes,J.J., White,J.H. and Wolffe,A.P. (1994) Nucleosome
structural changes due to acetylation. J. Mol. Biol., 236, 685-690.

Becker,P.B. (1994) The establishment of active promoters in chromatin.
BioEssavs, 16, 541-547.

Boffa,L.C., Walker,J., Chen,T.A., Sterner,R., Mariani,M.R. and
Allfrey,V.G. (1990) Factors affecting nucleosome structure in
transcriptionally active chromatin: histone acetylation, nascent RNA
and inhibitors of RNA synthesis. Eur. J. Biochem., 194, 811-823.

Bone,J.R., Lavender,J., Richman,R., Palmer,M.J., Turner,B.M. and
Kuroda,M.I. (1994) Acetylated histone H4 on the male X chromosome
is associated with dosage compensation in Drosophila. Genes Dev.,
8, 96-104.

Braunstein,M., Rose,A.B., Holmes,S.G., Allis,C.D. and Broach,J.R.
(1993) Transcriptional silencing in yeast is associated with reduced
nucleosome acetylation. Genes Dev., 7, 592-604.

Brownell,J.E. and Allis,C.D. (1996) Special HATs for special occasions:
linking histone acetylation to chromatin assembly and gene activation.
Curr Opin. Genet. Dev., in press.

Brownell,J.E., Zhou,J., Ranalli,T., Kobayashi,R., Edmonson,D.G.,
Rothe,S.Y. and Allis,C.D. (1996) Tetrahymena histone acetyl-
transferase A: a transcriptional co-activator linking gene expression
to histone acetylation. Cell, in press.

Carthew,R.W., Chodosh,L.A. and Sharp,P.A. (1987) The major late
transcription factor binds to and activates the mouse metallothionein
I promoter. Cenes Deuv, 1, 973-980.

Chasman,D.I., Lue,N.F., Buchman,A.R., LaPointe,J.W., Lorch,Y. and
Kornberg,R.D. (1990) A yeast protein that influences chromatin

2516



Acetylated H4 stimulates factor binding

structure of UASG and functions as a powerful auxiliary activator.
Gene.s De:. 4. 503-514.

Chodosh.L.A.. Carthew,R.W.. Morgan,J.G.. Crabtree.G.R. and Sharp.P.A.
(1987) The major- late transcription factor activates the rat gamma-
fibrinogen promoter. Science. 238. 684-688.

Churchill.M.E.. Tullius.T.D. and Kiug,A. (1990) Mode of interaction of
the zinc finger protein TFIIIA with a 5S RNA gene of Xenolus. Proc.
Naitl Acad. Sci. LISA, 87. 5528-5532.

Clayton.A., Hebbes.T.R., Thorne,A.W. and Crane-Robinson.C. (1993)
Histone acetylation and gene induction in human cells. FEBS Lett..
336. 23-26.

C6te.J.. Utley,R.T. aind Workman,J.L. (1995) Basic analysis of
transcription factor binding to nucleosomes. Metlhods Mol. Geniet. 6.
108- 129.

Csordas.A. (1990) On the biological role of histone acetylation.
Bioclietin. J., 265, 23-38.

Demczuk,S., Harbers,M. and Vennstr6m,B. (1993) Identification and
analysis of all components of a gel retardation assay by combination
with immunoblotting. Proc. Natl Actadt. Sci. USA. 90. 2574-2578.

Durrin.L.K.. Mann.R.K.. Kayne.P.S. and Grunstein.M. (1991) Yeast
histone H4 N-terminal sequence is required for promoter activation
in viv(o. Cell. 65, 1023-1031.

Fedor,M.J., Lue,N.F. and Kornberg,R.D. (1988) Statistical positioning
of nucleosomes by specific protein binding to upstream activating
sequence in yeast. J. Mol. Biol.. 204. 109-127.

Ferre-D'Amare,A.R.. Pognonec.P.. Roeder.R.G. and Burley.S.K. (1994)
Structure and function of the b/HLH/Z domain of USF. EMBO J.. 13.
180-189.

Fisher-Adams,G. and Grunstein.M. (1995) Yeast histone H4 and H3 N-
termini have different effects on the chromatin structure of the GALl
promoter. EMBO J.. 14, 1468-1477.

Gorovsky.M.A.. Pleger.G.L.. Keevert.J.B. and Johmann.C.A. (1973)
Studies of histone fraction F2AI in macro- and micronuclei of
Tetrahl ,nena pyriformins. J. Cell Biol.. 57. 773-781.

Harlow.E. and Lane,D. (1988) Anitibodies: A Laboratonr Manuiial. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

Hebbes.T.R., Thorne,A.W. and Crane-Robinson.C. (1988) A direct link
between core histone acetylation and transcriptionally active
chromatin. EMBO J., 7, 1395-1402.

Hebbes,T.R., Turner.C.H., Thorne.A.W. and Crane-Robinson.C. (1989)
A 'minimal epitope' anti-protein antibody that recognizes a single
modified amino acid. Mol. Ihtnnlutnol.. 6. 865-873.

Hebbes.T.R., Clayton,A.L., ThorneA.W. and Crane-Robinson.C. (1994)
Core histone hyperacetylation co-maps wvith generalized DNase I
sensitivity in the chicken ,-globin chromosomal domain. EMBO J.,
13. 1823-1830.

Hecht.A.. Laroche,T., Strahl-Bolsinger.S.. Gasser,S.M. and Grunstein,M.
'1995) Histone H3 and H4 N-termini interact with SIR3 and SIR4
proteins: a molecular model for the formation of heterochromatin in
yeast. Cell, 80, 583-592.

Hong.L., Schroth,G.P.. Matthews,H.R.. Yau.P. and Bradbury,E.M. (1993)
Studies of the DNA binding properties of the histone H4 amino
terminus. J. Biol. Chem?., 268, 305-314.

Ip,Y.T., Jackson.V.. Meier,J. and Chalkley,R. (1988) The separation of
transcriptionally engaged genes. J. Biol. Clhetmi., 263, 14044-14052.

Jeppesen,P. and Turner,B.M. (1993) The inactive X chromosome in
female mammals is distinguished by a lack of histone H4 acetylation,
a cytogenic marker for gene expression. Cell, 74, 281-289.

Johnson,L.M., Kayne,P.S.. Kahn,E.S. and Grunstein,M. (1990) Genetic
evidence for an interaction between SMR3 and histone H4 in the
repression of the silent mating loci in Saccharomnvces cerevisiae. Proc.
Ncatl Acad. Sci. USA, 87, 6286-6290.

Juan,L.-J., Utley,R.T.. Adams,C.C., Vettese-Dadey,M. and Workman,J.L.
(1994) Differential repression of transcription factor binding by histone
H is regulated by the core histone amino termini. EMBO J.. 13,
6031-6040.

Kayne,P.S., Kim.U.-J.. Han,M., Mullen,J.R., Yoshizaki.F. and
Grunstein,M. (1988) Extremely conserved histone H4 N terminus is
dispensable for growth but essential for repressing the silent mating
loci in yeast. Cell. 55. 27-39.

Kleff,S., Andrulis,E.D.. Anderson.C.W. and Sternglanz.R. (1995)
Identification of a gene encoding a yeast histone H4 acetyltransferase.
J. Biol. Clietm.. 270, 24674-24677.

Lee,D.Y.. HayesJ.J.. Pruss.D. and Wolffe.A.P. (1993) A positive role
for histone acetylation in transcription factor access to nucleosomal
DNA. Cell. 72. 73-84.

Lin,R., Leone,J.W., Cook,R.G. and Allis,C.D. (1989) Antibodies specific
to acetylated histones document the existence of deposition- and
transcription-related histone acetylation in Tetrahvinena. J. Cell Biol..
108. 1577-1588.

Lin.Y.-S.. Carey,M.. Ptashne.M. and Green,M.R. (1988) How different
eukaryotic transcriptional activators can cooperate promiscuously.
Cell. 54. 659-664.

Loidl,P. (1994) Histone acetylation: facts and questions. Chromoso,na,
103, 441-449.

Mann.R.K. and Grunstein,M. (1992) Histone H3 N-terminal mutations
allow hyperactivation of the yeast GAL] gene inz vivo. EMBO J., 11,
3297-3306.

Marmorstein.R.. Carey.M.. Ptashne.M. and Harrison,S.C. (1992) DNA
recognition by GAL4: structure of a protein-DNA complex. Nature.
356, 408-414.

Matthews,H.R. and Waterborg,J.H. (1985) Reversible Modifications of
Nutclear Proteins and Their Significanice. Vol. 2. Academic Press Inc.,
New York.

McGee.J.D.. Nickol,J.M., Felsenfeld.G. and Rau,D.C. (1983) Histone
hyperacetylation has little effect on the higher order folding of
chromatin. Nuicleic Acids Res., 11. 4065-4075.

Miller.J.. McLachlan,A.D. and Klug,A. (1985) Repetitive zinc-binding
domains in the protein transcription factor IIIA from Xenopus oocytes.
EMBO J., 4, 1609-1614.

Morse,R.H. (1993) Nucleosome disruption by transcription factor binding
in yeast. ScienZce. 262, 1563-1566.

Mueller,P.R., Salser,S.J. and Wold,B. (1988) Constitutive and metal-
inducible protein:DNA interactions at the mouse metallothionein I
promoter examined by in vivo and in vitro footprinting. Genes Dev.,
2, 412-427.

Navankasattusas,S., Sawadogo,M., van Bilsen,M., Dang,C.V. and
Chien,K. (1994) The basic helix-loop-helix protein upstream
stimulating factor regulates cardiac ventricular myosin light-chain 2
gene via independent cis regulatory elements. Mol. Cell. Biol., 14,
7331-7339.

Norton,V.G., Imai,B.S.. Yau,P. and Bradbury,E.M. (1989) Histone
acetylation reduces nucleosome core particle linking number change.
Cell, 57, 449-457.

Norton,V.G., Marvin,K.W., Yau,P. and Bradbury,E.M. (1990)
Nucleosome linking number change controlled by acetylation of
histones H3 and H4. J. Biol. Chem., 265, 19848-19852.

O'Neill,L.P. and Turner,B.M. (1995) Histone H4 acetylation distinguishes
coding regions of the human genome from heterochromatin in a
differentiation-dependent but transcription-independent manner.
EMBO J., 14, 3946-3957.

Owen-Hughes,T.A. and Workman,J.L. (1994) Experimental analysis of
chromatin function in transcription control. Crit. Rev. Eukarvotic Gene
Expression, 4, 403-441.

Park,E.-C. and Szostak,J.W. (1990) Point mutations in the yeast histone
H4 gene prevent silencing of the silent mating type locus HML. Mol.
Cell. Biol., 10, 4932-4934.

Perry,C.A. and Annunziato,A.T. (1989) Influence of histone acetylation
on the solubility, HI content and DNase I sensitivity of newly
assembled chromatin. Nuc-leic Acids Res., 17, 4275-4291.

Perry,C.A. and Annunziato,A.T. (1991) Histone acetylation reduces Hl-
mediated nucleosome interactions during chromatin assembly. Exp.
Cell Res.. 196, 337-345.

Perry,C.A., Dadd,C.A., Allis,C.D. and Annunziato,A.T. (1993) Analysis
of nucleosome assembly and histone exchange using antibodies
specific for acetylated H4. Biochemistry, 32, 13605-13614.

Pfeffer,U. and Vidali,G. (1991) Histone acetylation: recent approaches
to a basic mechanism of genome organization. Int. J. Biochem., 23,
277-285.

Pognonec,P. and Roeder,R.G. (1991) Recombinant 43-kDa USF binds
to DNA and activates transcription in a manner indistinguishable from
that of natural 43/44-kDa USF. Mol. Cell. Biol., 11, 5125-5136.

Pognonec.P.. Kato,H., Sumimoto,H., Kretzschmar,M. and Roeder.R.G.
(1991) A quick procedure for purification of functional recombinant
proteins overexpressed in E.coli. Nucleic Acids Res., 19, 6650.

Ridsdale.J.A. and Davie,J.R. (1987) Chicken erythrocyte polynucleo-
somes which are soluble at physiological ionic strength and contain
linker histones are highly enriched in beta-globin gene sequences.
Nucleic Ac ids Res., 15. 1081-1096.

Ridsdale.J.A., Henzdel,M.J.. Decluve,G.P. and Davie.J.R. (1990) Histone
acetylation alters the capacity of the H I histones to condense
transcriptionally active/competent chromatin. J. Biol. Clie,n., 265.
5150-5156.

2517



M.Vettese-Dadey et al.

Roth,S.Y., Shimizu,M., Johnson,L., Grunstein,M. and Simpson,R.T.
(1992) Stable nucleosome positioning and complete repression by the
yeast ax2 repressor are disrupted by amino-terminal mutations in
histone H4. Genes Dev., 6, 411-425.

Sawadogo,M. and Roeder,R.G. (1985) Interaction of a gene-specific
transcription factor with the adenovirus major late promoter upstream
of the TATA box region. Cell, 43, 165-175.

Sawadogo,M., Van Dyke,M.W., Gregor,P.D. and Roeder,R.G. (1988)
Multiple forms of the gene-specific transcription factor USF : complete
purification and identification of USF from HeLa cell nuclei. J. Biol.
Chem., 263, 11985-11993.

Sirito,M., Lin,Q., Maity,T. and Sawadogo,M. (1994) Ubiquitous
expression of the 43- and 44-kDa forms of transcription factor USF
in mammalian cells. Nucleic Acids. Res., 22, 427-433.

Svaren,J. and Horz,W. (1993) Histones, nucleosomes and transcription.
Curr Opin. Genet. Dev., 3, 219-225.

Tazi,J. and Bird,A. (1990) Alternative chromatin structure at CpG islands.
Cell, 60, 909-920.

Turner,B.M. (1991) Histone acetylation and control of gene expression.
J. Cell Sci., 99, 13-20.

Turner,B.M. (1993) Decoding the nucleosome. Cell, 75, 5-8.
Turner,B.M. and O'Neill,L.P. (1995) Histone acetylation in chromatin

and chromosomes. Semin. Cell Biol., 6, 229-236.
Turner,B.M., Birley,A.J. and Lavender,J. (1992) Histone H4 isoforms

acetylated at specific lysine residues define individual chromosomes
and chromatin domains in Drosophila polytene nuclei. Cell, 69,
375-384.

Vavra,K.J., Allis,C.D. and Gorovsky,M.A. (1982) Regulation of histone
acetylation in Tetrahymena macro- and micronuclei. J. Biol. Chem.,
257, 2591-2598.

Vettese-Dadey,M., Walter,P., Chen,H., Juan,L.-J. and Workman,J.L.
(1994) Role of the histone amino termini in facilitated binding of a
transcription factor, GAL4-AH, to nucleosome cores. Mol. Cell. Biol.,
14, 970-981.

Vettese-Dadey,M., Adams,C.C., Cote,J., Walter,P.P. and Workman,J.L.
(1995) Experimental analysis of transcription factor-nucleosome
interactions. Methods Mol. Genet., 6, 129-151.

Walker,J., Chen,T.A., Sterner,R., Berger,M., Winston,F. and Allfrey,V.G.
(1990) Affinity chromatography of mammalian and yeast nucleosomes.
J. Biol. Chem., 265, 5736-5746.

Wan,J.S., Mann,R.K. and Grunstein,M. (1995) Yeast histone H3 and H4
N termini function through different GALl regulatory elements to
repress and activate transcription. Proc. Natl Acad. Sci. USA, 92,
5664-5668.

Winston,F. and Carlson,M. (1992) Yeast SNF/SWI transcriptional
activators and the SPT/SIN chromatin connection. Trends Genet., 8,
387-391.

Wolffe,A.P. (1994) Nucleosome positioning and modification: chromatin
structures that potentiate transcription. Trends Biochem. Sci., 19,
240-244.

Workman,J.L. and Kingston,R.E. (1992) Nucleosome core displacement
in vitro via a metastable transcription factor:nucleosome complex.
Science, 258, 1780-1784.

Received on November 23, 1995; revised on January 30, 1996

2518


